The fascinating relationship between structure and property in nanowires has enabled a wealth of applications in photonics and electronics. The behavior of phonons in nanowires is also modified compared to their bulk counterparts. In this review, we provide an overview of the recent efforts to investigate the properties of acoustic phonons in nanowires using ultrafast optical methods. In particular, we focus on the calculation of the modified phonon dispersion in nanowires and how to address them optically. We then discuss experimental investigations in arrays of nanowires and a single nanowire. The analysis of phonon behavior reveals the possibility to perform advanced mechanical characterization and to vary the thermal properties of nanowires. The review concludes with a brief perspective on future research directions, from phonon-induced control over properties to threedimensional (3D) acoustic nano-imaging.
Introduction
Nanowires are nanoscale materials that display confinement in two dimensions. For photons, electrons and phonons, this confinement leads to modified behavior compared to the bulk counterpart and has triggered much interest in the development of novel applications in various fields [1] , such as photovoltaics [2, 3] , electronics [4, 5] , and biology [6, 7] . Nowadays, advanced growth methods enabling high crystallinity [8] , geometric [9] , and composition [10] control of nanowires are available and have enabled the investigation of novel phenomena, such as signature of Majorana fermions [11] , sub-attogram sensing [12] , or the quantum limit of energy conversion [13] . With always improving fabrication methods [14, 15] , nanowires offer a perfect playground to further study condensed matter issues in low-dimensional systems.
Phonons play a central role in defining the properties of a material. For instance, in many materials, they are the main heat carrier and thus they determine the thermal properties. The interaction of electrons with phonons is also a critical parameter, as it plays an essential role in charge transport [16] , and also in superconductors [17] . The investigation of phonons has thus attracted a lot of interest over the years. In nanowires, properties related to phonons, such as thermal conductivity, have peculiar behavior compared to bulk. With decreasing diameter, the thermal conductivity of nanowires decreases, and can even reach values 100 times smaller than when in bulk [18] . This particularity was exploited to make efficient nanowire thermoelectric devices that can convert heat into electricity [19, 20] . The origin of the decrease of thermal conductivity has been attributed mainly to two effects: increased phonon scattering due to higher surface to volume ratio and modification of the phonon dispersion relation. However, a study correlating the microscopic behavior of phonons to the macroscopic thermal properties of nanowires is still missing.
Coherent phonons are also interesting for their imaging and characterization potential [21, 22] . Electronic or optical microscopy can efficiently perform the imaging of microscopic objects. However, these techniques are limited. For instance, due to the weak penetration of electrons, electronic microscopy is limited to the study of the surface of materials. In a similar way, optical imaging in opaque materials can only give information on the surface, and the large wavelength of visible light limits the achievable resolution. Moreover, with these techniques, the source of contrast is related to the electronic structure of the materials and does not grant access to other properties, such as the mechanical properties. Acoustic imaging offers a nice alternative to overcome these limitations as phonons can propagate over long distances, may have short wavelengths up to a few nanometers, and the source of contrast comes from the acoustic impedance. However, one of the issues is the difficulty of developing small high-frequency acoustic transducers, which limits the resolution. The use of nanowires as transducers has been proposed to enable small acoustic sources [23] . However, for this purpose, and to understand thermal transport, a deeper understanding of phonons propagation in nanowires is required.
In this review, we discuss the progress that has been done to experimentally address the phononic properties of nanowires, with an emphasis on the results obtained using the picosecond ultrasonics' technique [24] . The following is organized into seven sections. First, we describe in Section 2 the behavior of phonons in nanowires with an emphasis on the method of calculation of the dispersion relations, and in particular with the xyz algorithm [25] . In Section 3, we present and discuss the interaction between photons and phonons in nanowires. In Section 4, we introduce the principles of femtosecond pump-probe spectroscopy and its application to the study of phonons. In Section 5, we depict the various investigations of phonons in arrays of nanowires, and more precisely we are interested in the study of both localized and propagating phonons. Section 6 is dedicated to the study of phonons in a single nanowire. And finally, in Section 7, we summarize the current state of our understanding of phonon behavior in nanowires.
Phonons in nanowires 2.1 Calculation of phonon dispersion relations in nanowires
Leo August Pochhammer was the first to tackle the question of elastic waves in a homogeneous, isotropic, cylindrically shaped object in 1874 [26] . Charles Chree independently obtained similar results in 1889 [27] . The solution to this problem for compressional waves is the Pochhammer-Chree equation which takes the following form: 
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where a is the cylinder radius, J 0 and J 1 are the zeroand first-order Bessel functions of the first kind, with ω n , the pulsation of mode n, v l and v t the longitudinal and transverse sound velocity, respectively, and q, is the wave vector. This relation links the wave vector to the frequency of phonons and characterizes the dispersion of the elastic waves. The complete derivation of the Pochhammer-Chree equation is beyond the scope of this review but has been extensively discussed in multiple articles and textbooks [28, 29] . In the long wavelength approximation (q = 0), equation (1) can be simplified [30] :
The roots of the two terms of Eq. 2 define two different types of resonant modes for an infinitely long isotropic nanowire. The roots of J 1 are modes with purely axial displacement, while the solution of the second term corresponds to modes with purely radial displacement at q = 0, such as the breathing mode.
However, the Pochhammer-Chree equation (Eq. 1) is limited to an isotropic medium, which greatly limits its application as many materials have anisotropic elastic properties. To obtain the dispersion relations of elastic waves in an anisotropic cylinder, we have to resort to numerical approaches, such as finite-element simulations (FEM) [31] . FEM simulations are very complex and require lengthy code writing, however, commercial software now offers the possibility to perform these calculations more easily.
Here, we focus on the calculation of dispersion relations of phonons in anisotropic waveguides using the xyz algorithm, also referred to as the resonant ultrasound spectroscopy (RUS) method, developed by Visscher et al. [25] . The starting point of the xyz algorithm is the Lagrangian of the system:
where KE is the kinetic energy and PE is the potential energy, V is the volume of the system, ρ is its mass density, ω is the angular frequency, u i is the lattice displacement components in direction x i , and C ijkl is the elasticity tensor. Taking into account Hamilton's principle, we then obtain:
If we now consider that the nanowire is free-standing, then the stress vanishes at the boundary of the structure and the second term of the right-hand side of Eq. 4 is 0. We then end up with the Christoffel equation:
To solve this equation, we expand the displacement in terms of a complete set of basic functions Φ α .
The principle of the xyz algorithm resides in the choice of these basis functions, which are powers of the coordinates. In the specific case of a cylindrical nanowire of diameter r, and considering the propagation of vibrations along the z coordinate, the most convenient set of basis function takes the form:
With α = (m, n), a set of two non-negative integers and q, the phonon wavevector. We then inject Eq. 5 and 6 into Eq. 4 and finally obtain:
and ,
The advantage of using a power series of the coordinate is the ease of classifying the calculated phonon modes. By introducing the set (μ, ν) = ((−1) m , (−1) n ), we can classify the modes thanks to parity considerations. The basis functions have even or odd parity for inversion of x or y coordinates. By construction, if the displacement u z has for parity (μ, ν), then the displacements u x and u y have parity (−μ, ν) and (μ, −ν), respectively. For instance, let us assume that u x and u y have parity (−, +) and (+, −), respectively. Such conditions correspond to dilatational modes of the nanowire. This means that the displacement in the x-direction of the point (−x 1 , y 1 ) is equal to the displacement at (−x 1 , y 1 ), but opposite to the displacement at (x 1 , y 1 ) as shown in Figure 1 .
Using similar considerations for other parity, we can classify the modes into three categories as shown in Table 1 : dilational, flexural, and torsional modes. In the following, we will discuss only dilational modes, unless otherwise specified, as these modes are the ones that have been mostly investigated.
The xyz algorithm is a versatile approach and has been widely used to obtain the phonon dispersion relations of nanowires of various cross-sections: rectangular [32] , circular [33] , and hexagonal [34] , but also for nanowire heterostructures like core-shell [33] , and superlattices [35, 36] . Furthermore, once the dispersion relations are obtained, it is possible to calculate the phonon group velocity, which is crucial to understand thermal transport [37] , charge mobility [38, 39] , and thermoelectric properties in nanowires [40] . 
Phonons in nanowires vs. in bulk
We now investigate the changes in phonon behavior in nanowire compared to bulk materials in light of the dispersion relations and displacement fields calculated with the xyz algorithm. The dispersion relations of the dilatational modes of a 200 nm diameter GaAs nanowire oriented along the (100) direction are shown in Figure 2 . In a bulk material, three acoustic phonon polarizations can exist at most: one longitudinal and two transverse modes. In Figure 2A , we see that in nanowires this limitation is lifted, and numerous phonon branches can be found. The origin of these branches can be understood as follows: the confinement in two directions induces a discretization of the energy level, similar to the particle in a box model. However, along the nanowire axis, we consider that the dimensions are infinite and thus that phonons can propagate. A consequence of these considerations is that phonon branches with non-zero frequencies at q = 0 are observed, in contrast to the phonon acoustic modes of a bulk material. Similar to the case of electrons, the confinement results in the formation of one-dimensional (1D) subbands [41] .
The lowest frequency mode, which corresponds to longitudinal waves in the nanowire, has, in the long wavelength approximation, a phase velocity defined by:
For a nanowire of finite length L, with large aspect ratio (L/a > > 1), the extensional mode of the nanowires corresponds to this mode for a wavevector given by L. It has thus been extensively used to investigate the Young's modulus of materials. For larger wavevectors, the slope of this branch decrease. This decrease is governed partly by the Poisson's ratio of the material as shown in Figure 3 [42] .
If we now consider all the modes, we can see in Figure 2A that the slope of the phonon branches is smaller than the slope of bulk branches. In other words, the group velocity of phonons in nanowires is smaller than in bulk materials. This phenomenon is one of the reasons why thermal conductivity, which is the sum of the contribution of all phonons to heat transport, [43] , is lower in nanowires than in bulk. Additionally, we see that for specific branches and wave vector ranges exotic behavior arises, such as negative slope, synonymous with negative group velocity [44] . Such properties could allow the development of acoustic metamaterials with nanowires as a building block [45] .
For larger wave vectors, as shown in Figure 2B , we see that all the phonon branches group into two asymptotic limits that correspond to the bulk longitudinal and transverse phonons. In this figure, we display the dispersion curves as a function of a dimensionless wavevector D/λ, with λ the phonon wavelength. When the wavelength of phonons is on the order of or larger than the diameter (in the region D/λ < 10), phonons are strongly modified. On the other hand, when the wavelength of phonons becomes much smaller than the diameter of the nanowires, i.e. when confinement effects disappear, phonons propagate as they do in a bulk material.
In nanowires, not only the dispersion curves are modified compared to bulk, but also the displacement fields, as shown in Figure 4 .
In a bulk material, only three branches of phonons are possible: one longitudinal and two transverse. For these modes, the displacement is either parallel (longitudinal phonons) or perpendicular (transverse phonons) to the direction of propagation. On the other hand, in nanowires, due to the modified boundary conditions and the cylindrical symmetry, more complex displacement patterns are observed, as shown in Figure 4 . In particular, we can notice a fourth order axis symmetry induces by the cubic anisotropy of the single crystal. In polycrystalline material, this symmetry would disappear.
Overall, phonons in nanowires display features extremely different from phonons in bulk: numerous modes, non-zero frequencies at q = 0, non-linear dispersion and complex displacement field. However, addressing these phonons is a challenging task due to the small dimensions of nanowires.
Light and sound interaction in nanowires
In nanowires, the small dimensions, approximately 100 nm, implies that the phonons that are modified by confinement have frequencies in the sub-terahertz range. Such high frequencies are difficult to detect electronically, therefore, light is often the tool of choice.
The interaction of light with sound can take different forms [47] . First, we look at the effect of the small dimensions of nanowires, which are smaller than the dimensions of a diffraction-limited optical beam. The vibration of the nanowires is synonymous with a displacement of its boundaries, and therefore, a change of volume, especially for radial modes. How this effect influences light and sound interaction can be understood by looking at Figure 5 . We consider a nanowire, with permittivity ε a , surrounded by a medium of permittivity ε b . When a phonon is excited, the volume of the nanowire is modified and in specific area, the light interacts with a medium of different properties and behaves differently.
Another possible light and sound interaction process is related to the photoelastic effect: the change of refractive index induced by the presence of a strain. This effect is dominant in bulk materials and leads to Brillouin scattering. This scattering process occurs as follows: a photon of wave vector k 1 and frequency ω 1 interacts with a phonon of wave vector q and frequency Ω to generate a scattered photon of wave vector k 2 and frequency ω 2 . For this interaction, energy and momentum conservations dictate [48] :
The scattering of light by acoustic waves has been used extensively to study the phase transition, structural relaxation, and elastic properties of various materials [49] .
In nanowires, the rules of light and sound scattering are modified due to confinement effects [47, 50, 51] . We have seen in Section 2 that confinement affects the propagation of phonons. Photons of visible light have wavelengths on the order of the dimension of confinement and therefore their dispersion is also modified [52, 53] , as shown in Figure 6 .
In Figure 6A , we observe resonances in the absorption of Si nanowires of various diameters. These resonances are due to the excitation of photonic eigenmodes of the nanowire. In Figure 6B , the electric field associated with the first two resonant modes of a nanowire are seen. The behavior of photons is thus similar to the one of phonon, with electric fields (displacement fields for phonons) drastically different from bulk.
The confinement in the cross-section of the nanowire induces a discretization of the energy of both photons and phonons. On the other hand, along the axis of the nanowire, photons and phonons can propagate freely. We thus have the appearance of 1D photonic and phononic sub-bands. A consequence of this effect is that phonons and photons can propagate only along the nanowire axis. In these conditions, Eq. (10) and (11) becomes:
where we have considered that Ω is small compared to ω 1 and ω 2 , and as a consequence, k 1 ≈ k 2 ≈ k. This expression stems from the fact that scattered light has to be collinear with the incident light, and can thus be either forward scattered or backward scattered [50] . We see that it then becomes possible to study resonant phononic modes (q = 0) through forward scattering, and propagating phonons (q = 2k) with backward scattering. When the light intensity is sufficiently strong, we enter a second regime: stimulated Brillouin scattering (SBS). In Brillouin scattering, light interacts with the thermally generated phonon population. On the other hand, in SBS, the incoming light interacts with the medium, generally through electrostriction, which leads to the coherent generation of phonons [54] . The light can then interact with these phonons. SBS is often considered as a parasitic effect in optical fiber communication [55] but was also used to show the modifications of phonon modes due to confinement in these structures [56] . However, in recent years, a renewed interest in SBS developed due to the possibility to use this effect for the investigation of various physical effects, such as Brillouin induced transparency [57] or cooling [58] . In nanowires, the confinement of light and sound induce an enhancement of their interaction, namely of electrostriction and radiation pressure, by multiple orders of magnitude [51, 59] . The possibilities offered by this enhancement are multiple and in particular, it will enable the manipulation of light by sound at the nanoscale. However, here we are interested in studying phonon behavior in nanowires, and a review of SBS in these structures is beyond the scope of this article. Interested readers should read the work of the Bahl's group [60] , the Rakich's group [61] , or the Eggleton's group [62] .
We now look at the experimental study of phonons in nanowires using light scattering. The first observation of guided phonons in nanowires using Brillouin light scattering was performed in 2012 [63] . Unfortunately, due to the large dispersion in the diameter of the studied nanowires, the uncertainty of the measurements was very large. More recently, using the same experimental method, Kargar et al. have been able to observe confined acoustic phonons in GaAs nanowires as presented in Figure 7 [46] .
In this work, they studied Brillouin scattering in GaAs nanowires, by varying the angle of incidence of light. By varying the angle, they change the wave vector of light, and, according to Eq. 12, the wave vector of the probed phonons. In this way, they were able to observe the appearance of novel modes compared to bulk materials and to reproduce the dispersion relations of confined acoustic phonons.
Phonon with ultrafast pumpprobe spectroscopy
We have seen that Brillouin scattering is a powerful approach to study phonons. However, in the case of nanowires, some hurdles make its implementation tricky. First, no manipulation of phonons is possible, i.e. we do not have any experimental method to control the phonon population. Indeed, the accessible phonons are thermally populated and it is impossible to isolate a specific mode. SBS offers higher control over the phonon population, but it requires long interaction length, on the order of few centimeters [59] . Additionally, it is difficult to separate Brillouin scattered light from Rayleigh scattered light, which becomes an important issue for low-frequency phonons. Finally, Brillouin scattering is an experimental method in the frequency domain and thus cannot be used to study the real-time propagation of phonons. To overcome these limitations, the picosecond ultrasonics (PU) technique [24, 64] , which is based on femtosecond pump-probe spectroscopy (Figure 8 ), is well suited. In PU, the absorption of a femtosecond laser pulse, the pump, promotes electrons from the valence to the conduction band, as seen in Figure 8B . In a solid, electrons are responsible for the binding between atoms, and the transition of electrons from the valence to the conduction band modifies this bond and induces a displacement of atoms, thus creating a stress σ DP . This mechanism of stress generation is often referred to as the deformation potential mechanism [64] . If the energy of the pump photons is larger than the band gap of the semiconductor, electrons have excess energy that they yield to the lattice by emitting phonons. The temperature of the lattice increases and, due to thermal expansion, a stress σ TE is created. For most semiconductors, these two mechanisms are the most common for the creation of a stress by the absorption of a femtosecond pulse. In the case of metals, where there is no bandgap, only the thermoelastic mechanism plays a role in phonon generation. However, additional mechanisms can occur, such as piezoelectricity [65] or electrostriction [66] . These external stresses lead to the generation of strain or phonons that propagates within the semiconductor [67] :
with ρ, the mass density, u i the displacement in direction i. The various phonon generation mechanisms can be further classified according to the type of driving they induce: percussive or impulsive. The heaviside function (step function) represents percussive generation mechanisms. Thermoelastic and deformation potentials are percussive, as the effect that induces the phonons, temperature increase or inter-band transition, lasts longer than the buildup of the coherent phonons. On the other hand, the Dirac function can describe impulsive mechanisms, where the duration of the driving force is much shorter than the buildup time of the coherent phonon, as in the case of electrostriction or piezoelectricity, if no screening effects are involved. The generation of coherent phonons in nanowires follows the same rules as the ones we just described for bulk materials. However, it is crucial to also take into consideration the geometry of the sample to understand which phonon modes are generated. As seen in Figure  6 , for a linearly polarized light, the electric field in the nanowire has a twofold symmetry. We thus expect the density of photoexcited carriers to have a similar symmetry. Consequently, only phonons with similar or lower symmetry, i.e. twofold or axial symmetry, should be generated [50] . However, electronic and thermal diffusion will homogenize the stress in the nanowire and the relative amplitude of twofold and axisymmetric modes is difficult to predict.
Using a second femtosecond laser pulse, the probe pulse, which can be time delayed with respect to the pump pulse, we can follow the temporal evolution of the coherent phonons within the material. The presence of strain in a material locally modifies the optical properties through the photo-elastic effect. The change of reflectivity, ΔR, induced by a phonon can thus be expressed as [24] :
where η(z, t) is the propagating strain and f(z) is a sensitivity function defined by:
∂n/∂η and ∂k/∂η are the photo-elastic coefficients; n + ik is the complex refractive index, λ is the wavelength in free space and ξ is the penetration depth of the probe light. To better understand the capabilities of this experimental technique we can isolate two cases: transparent materials and absorbing materials.
In the case of transparent materials, the detection mechanism is similar to Brillouin scattering ( Figure 9A ). The probe pulse arriving on the sample is partially reflected and transmitted at the free surface of the sample. The transmitted part then propagates in the sample and is backscattered by the coherent acoustic phonon pulse. The part of the pulse reflected by the free surface and the part backscattered by the acoustic phonons interfere constructively or destructively as a function of the path difference, i.e. of the position of the acoustic phonon in the sample. As a consequence, the transient reflectivity oscillates at a frequency given by f = 2nv/λ, where n is the refractive index at the probe wavelength λ, and v is the sound velocity [68] .
A typical example of such a signal is shown in Figure 9B [16] . At time 0, a sharp rise of reflectivity is observed corresponding to the absorption of the pump pulse. The signal then decays due to electron-phonon scattering and charge recombination. Brillouin oscillations are seen on top of this signal. By performing the Fourier transform, we can extract the frequency of these oscillations and obtain the sound velocity, assuming the refractive index of the material. PU can thus be used to extract the sound velocities of a material and its elastic constants.
In absorbing materials, such as metals, the penetration depth of light is smaller than a few tens of nanometers. The signal will thus not appear as exponentially decaying oscillations. Instead, a small change of reflectivity is observed when the phonons are close to the surface. This can be easily seen in Figure 10 [69] .
In this experiment, a 22-nm Al thin film is deposited on top of a stack of multiple materials, composed of Si 3 N 4 , W, and a Si substrate. Due to the strong absorption of Al, phonons are only generated and detected in this film. We can thus observe the generation of phonons in the Al film at early time scale (first 20 ps), then phonon propagates in the 500 nm thick Si 3 N 4 film, are reflected at the interface with W and propagates back towards the Al film. At 135 ps, a change of reflectivity is detected corresponding to the reentrance of the phonons in the Al film. Such signals are called echo, as they correspond to a round trip of phonons in the material. For this reason, PU is often referred to as sonar at the nanoscale. At 270 ps, a second echo is observed. This second one is caused by a second round trip in the Si 3 N 4 film, but also by a round trip in the Si 3 N 4 /W stack. We can thus retrieve the round trip time of phonons in each layer. Assuming the value of sound velocity is known, the thickness of the thin film can be obtained from the round trip time [70] .
Over the years, the PU technique has been applied to study the generation of coherent acoustic phonons in various structures, from quantum wells [71] and superlattices [72] to quantum dots [73] . In addition to the capabilities of this technique for metrology [70] , it allows the investigation of the complex interactions between photons, phonons, and electrons [16, 74] . 
Phonon in arrays of nanowires
Bottom-up and top-down are the two main approaches to synthesize nanowires. Usually, top-down approaches, such as etching, lead to a rougher surface and thus bottom-up synthesized nanowires are preferred for the study of phonons. With this method, nanowires, standing on a substrate, with well-defined geometric properties and few defects can be obtained. Here, we will review some of the recent observations of phonons in such nanowires using PU. However, the vibrations of plasmonic nanorods will not be discussed here. Interested readers should consult the numerous references on this topic [75, 76] .
Resonant modes
The first investigation of free-standing nanowires with PU dates back to 2007 and 2008 [77, 78] . In this work, bismuth nanowires of 200 nm diameter were investigated. The transient reflectivity signals obtained on this sample is shown in Figure 11 .
In Figure 11A , two types of oscillations are observed. High-frequency phonons disappear on a very short timescale of a few ps. This signal is attributed to optical phonons and is beyond the scope of this review. On a longer timescale, another oscillation with a larger period is seen. The Fourier transform of this signal, which is shown in Figure 11B displays two peaks corresponding to these two phonon modes. The mode at 9.5 GHz is attributed to the breathing mode of the nanowires. The frequency of this mode can be calculated from Eq. 2, and the authors obtained a frequency of 7.75 GHz, on the same order as what they observed experimentally. This discrepancy of almost 20% does not allow an unambiguous attribution to the breathing mode, and further diameter-dependent experiments would have been required. However, this work was a demonstration of the possibility to address acoustic vibrations in nanowires using PU.
Following this work, multiple groups investigated the vibrations of periodic arrays of nanowires fabricated by top-down and bottom-up approaches [79, 80] . With the development of better experimental growth methods, smaller dispersion in size of the nanowires was achieved, increasing the reliability of the frequency extraction in these experiments. In Ref. [79] , Chen et al. did a systematic investigation of the frequency of vibration as a function of the nanowire diameter ( Figure 12) .
In this work, they showed that the main frequency that is detected in periodic arrays of nanowires with PU does not depend on the period of these arrays or on the aspect ratio of the nanowires, but solely on the diameter of the nanowires. These dependencies confirm that the observed oscillations are vibrations of the nanowires. By comparing the experimentally obtained frequencies to the expected frequencies calculated using Eq. 2, they were able to show that the dominant frequency corresponds to the breathing mode. The predominance of this mode can be understood from the fact that this is the most symmetric vibrational mode of the structure and that the diameter of the nanowires is much smaller than the laser spot size, which means that the energy deposited is uniform in the nanowire.
To observe different vibrational modes of nanowires different experimental conditions are required. In Ref. [81] , a probe energy smaller than the band gap of the nanowire material was used. In that case, the probe light is partially reflected by the top surface of the nanowire, and by the nanowire/substrate interface. The nanowires thus act as a Fabry-Perot cavity and the reflection coefficient depends on the thickness of the cavity. Then if the absorption of the pump beam generates modes that change the length of the nanowires, it becomes possible to detect them. Using this experimental approach, the fundamental and two higher order extensional modes of GaN nanowires were observed ( Figure 13 ). Comparison with FEM simulations confirmed the nature of these modes and revealed that the mechanical properties of GaN in nanowires remained similar to the ones in bulk.
In addition to the investigation of the confined vibrations of nanowires using visible probe light, resonant modes of standing nanowires have also been addressed with an X-ray probe [82] . In these experiments, light is not scattered by the acoustic phonons themselves, but is diffracted by the periodic plane of atoms constituting the nanowire. When coherent phonons are excited in the material, due to the absorption of the visible pump light, the lattice spacing is modulated at the phonon frequency and the diffracted signal too. With this method, researchers have been able to observe, in addition to the extensional modes of the structures, the flexural modes of the nanowires (see Table 1 ) that have not been detected yet with PU.
Propagative modes
Multiple groups have thus been interested in using the picosecond ultrasonic method to address the vibration of nanowires [77] [78] [79] [80] [81] . They have had some success in retrieving resonant acoustic modes of such structure, but the observation of propagating modes remained elusive. The difficulty to address propagative modes is especially detrimental to the understanding of thermal transport in semiconductor nanowires as phonons are the main heat carriers in these samples.
To make the generation and detection of propagating phonons in nanowires easier, researchers have used external transducers [23, 83, 84] . While in a pure nanowire, generation, propagation, and detection of phonons occur at the same place, which makes it difficult to separate propagating and non-propagating modes, the inclusion of a spatially distinct structure to generate and detect phonons allow the observation of propagating modes. Indeed, in these conditions, resonant modes and propagating modes will have different temporal evolutions. The most straightforward example of this concept has been achieved by incorporating a gold particle at the tip of a nanowire, as seen in Figure 14 . In these experiments, the pump light is absorbed by the gold particle, which generates phonons that propagates along the nanowire, are reflected at the nanowire/substrate interface and propagates back towards the gold particle ( Figure 14A) .
In Figure 14B , we can see the experimental signal obtained on a 720 nm long GaAs nanowire with a diameter of 230 nm and a gold particle of 30 nm of thickness after removal of the electronic contribution. The signal generated by the gold particle can be observed on an early timescale and disappear after 300 ps. After 600 ps, the signal increases again, and the same pattern happens between 600 and 1200 ps. This periodic change of the signal is attributed to round trip of acoustic phonons in the nanowire. By simulating the effect of such roundtrips on the signal (Figure 14C ), the sound velocity of these phonons is extracted.
More advanced external transducers offer the added possibility to investigate phonon propagation in nanowires. This is the case for superlattices, a periodic stacking of two different materials. Due to this periodicity, D, a folding of the dispersion relations in a mini-Brillouin zone occurs [23, 36] . In Figure 15A , the phonon dispersion relations of 75 nm diameter GaN and AlN nanowires are shown.
GaN and AlN both have a wurtzite crystalline structure and the dispersion relations are thus similar ( Figure 15A ). But, as AlN has larger elastic constants, the curves are shifted towards higher frequencies. In a superlattice, the dispersion relations are folded. This phenomenon is important for the investigation of guided acoustic phonons in nanowires, as shown in Figure 15B .
As we have seen in Section 3, light and sound interactions in nanowires occur for specific conditions, namely q = 0 or q = 2k. To investigate the propagation of acoustic phonons, we care about the conditions where the wave vector of phonons is non-zero, i.e. q = 2k. However, this means that for a given wavelength, a mode can only be observed at a specific wave vector, and consequently at one specific frequency, which makes it difficult to address the dispersion of phonon branches. But thanks to superlattices, and the accompanying folding, there exist multiple phonon wave vectors of the same mode that satisfies the condition q = 2k.
Using an AlN/GaN superlattice, for the generation and detection of phonons, on top of a GaN nanowire, the round trip time as a function of the phonon frequency was investigated ( Figure 16 ) [23] .
In the upper part of Figure 16 , the experimental trace, as well as curves obtained after applying a bandpass filter centered around the two lowest frequencies verifying q = 2k are seen. For both filtered data, a component is seen at an early time scale, corresponding to the generation of phonons within the superlattice. For the 15 to 40 GHz filter, the signal reappears after 300 ps, and for the 53 to 64 GHz, the signal reappears at 500 ps. The reappearing signal corresponds to the round-trip of phonons within the nanowire, and the difference in round trip time is reflecting the different velocities at different frequencies. In Figure 17A , we reported the measured sound velocities on the calculated frequency dependent group velocity of 75 nm GaN nanowires. We observe a good agreement between the experiments and the calculation, confirming the modified dispersion in nanowires. This result is important to understand the decreased thermal conductivity of nanowires [18] and the possibilities it offers for thermoelectrics [19, 20] . The velocity of phonons in nanowires is strongly decreased compared to bulk ( Figure 17B ). As the thermal conductivity is directly related to the group velocity [43] , this decrease partially explains the reduction of conductivity. For efficient thermoelectric devices, low thermal conductivity is needed. Using nanowires is thus a valid approach. In this structure, it is possible to further decrease the thermal conductivity, in addition to the intrinsic reduction due to confinement. Using superlattices, we have seen that phonon dispersion relations are folded in a mini-Brillouin zone. This folding leads to the formation of phononic band gaps in which the propagation of phonons is forbidden ( Figure 17B ). The averaged group velocity is then further decreased, and so is the thermal conductivity.
The first observations of propagating modes occurred using a dissimilar material for both the detection and the propagation of phonons. However, the study of light and sound interaction (Section 3) shows that it should be possible to detect propagating modes in nanowires [47, 50, 51] . The method in order to achieve this goal is to vary the wavelength of the probe, change the wave vector of the probed phonons (Eq. 12). In Figure 18 , the Fourier transforms of the transient reflectivity signals obtained on an array of 180 nm diameter InP nanowires for two different wavelengths are shown.
When the probe wavelength is modified, some modes remain unchanged (green arrows), while other modes vary (red and blue arrows). These behaviors correspond to forward and backward scattering of the probe light by resonant and propagating modes, respectively. We also notice that only modes with twofold and axial symmetry are generated as expected from the symmetry of the electric field in the nanowire [50] . Similarly to the case of eigenmodes, i.e. non-propagating modes, similar results were obtained by using an X-ray probe instead of visible light [86] .
One interesting aspect of the observation of both resonant and propagating modes is the possibility it opens for mechanical characterization. Indeed, the dispersion relations of phonons are fully determined by the elastic tensor of a material, and the diameter of the nanowire. Therefore, if it is possible to obtain experimentally more frequencies than there are independent elastic constants, complete mechanical characterization of a material is achievable. In Figure 18B , we reproduced the fitted dispersion relations of phonons using experimentally determined frequencies for GaAs nanowires [85] . As the material has the zinc-blende crystalline structure, and therefore only have three independent elastic constants, it was possible not only to fully determine the mechanical properties, but also the diameter of nanowires. Additionally, the mechanical properties of wurtzite GaAs, a phase only stable at the nanoscale were measured for the first time using this approach [85] .
Single nanowire experiments

Resonant modes
In order to increase the signal to noise ratio, the measurements are generally performed on a large number of nanoparticles. Nevertheless, even if the elaboration processes are nowadays more and more controlled, the vibrational response is always strongly affected by the inherent size and shape distribution of the nanoparticle ensemble, which leads to inhomogeneous broadening of the signals. To overcome this drawback, recent measurements on single nanoparticles have been reported. Time-resolved measurements performed on a single nano-object require facilities based on optical mapping [87] to locate the sample and the use of objective with high numerical aperture to excite and collect the optical transient response of the selected object.
Different elaboration methods are suitable to create long single nanowire. Single-crystalline nanowires may be grown by physical vapor deposition [88] or by PVPmediated polyol process [89] . Beyond the real interest to elaborate well-organized crystalline structure such objects generally exhibit complex cross-section and nonconstant size. The template method is an alternative elaboration process based on electrodeposition in etched ion-track membranes [90] . A 30-μm thick polycarbonate foils (Makrofol, Bayer, Leverkusen, Germany) is irradiated with GeV Au 25+ accelerated ions. Each ion creates a damaged cylindrical zone along its trajectory through the foil called latent track. After irradiation, these tracks were selectively etched in a 6 m NaOH solution at 50°C resulting in cylindrical smooth nanochannels with tunable diameter used as a template to the electrochemical growing. The main advantage is to get perfect cylindrical nanowires with constant diameter. In all the cases, the final step consisted in drop-casting the objects on the surface of the substrate ( Figure 19 ).
As the pioneer work of van Dijk et al. [91] which investigated the dynamic response of gold nanospheres using PU, a large variety of materials and particle shape has been investigated like nanoprisms [92] , nanowires [93] , nanorings [94, 95] , nanocubes [96] , nanorods [75, 97] , dimer nanoparticles [98] and nanoparticles [99] . All these results have been obtained by measuring the transient absorption signature, in transmission geometry using a high numerical aperture objective to recollect a maximum of light. Moreover, few results have been recently reported on reflectivity configuration in near [100] [101] [102] and far field [103] [104] [105] . In general, the vibrational modes observed are assigned to breathing modes of the structure. According to the particle shape, especially in the nanorod case, additional extensional or flexural signatures have been also reported [75, 76, 106] .
The common denominator of all these previous studies is the clear evidence that particle coupling with the local environment leads to a huge damping rate. The particle-substrate interaction is at the origin of the acoustic energy transfer into the substrate. As a direct consequence, the resonator exhibits a low quality factor, defined by the energy stored over the energy lost in one cycle. In order to get insight into the energy relaxation process, across the particle surface, different routes have been investigated. In the case of particles embedded in a glass matrix [107] , the increasing hydrostatic pressure obtained with the diamond anvil cell technology [108] has demonstrated a huge effect on the damping rates [107] . Additionally, the lifetime of nano-ring vibrations has been reduced by immersion in a glycerol solution [94] . In both cases, additional relaxation channels contribute to reducing the acoustic confinement into the nanoparticles thus revealing broad peaks on the Fourier spectrum, even if the measurements are performed on a single nanoparticle. Consequently, a fine estimation of the elastic properties could be very challenging. Indeed, in previously cited works dedicated to single nanowire investigations, only the fundamental breathing mode has been mentioned. Therefore, even in the simplest case of an isotropic elastic tensor, it is impossible to extract the two unknown elastic parameters (v l and v t ) and the size of the nanowire. Even if the size is well known, using additional shape investigations based on scanning electron microscopy (SEM), we may find infinite sets of values (v l , v t ) which reproduce the frequency of the first breathing mode. Figure 20 represents the couple of transverse and longitudinal velocities compatible with a fundamental breathing mode frequency equal to 15.6 GHz measured in a copper single nanowire exhibiting a radius of 91 nm [109] . This curve clearly underlines the lack of experimental information to get a complete elastic characterization.
Consequently, in order to assess the validity of the classical continuum theories at the nanoscale [110, 111] , we have to consider alternative measurements to get a better elastic characterization.
The first method considered is to increase the quality factor of the nanowire resonance. In other words, the elastic energy must be confined into the nanostructure by suppressing any mechanical coupling, especially with the substrate holder. Experimentally, this is achieved by investigating freestanding nanostructures. In order to reduce the influence of the silicon substrate on the vibrational landscape, the wires are dispersed on a Si wafer or glass substrate which has been preliminary structured with periodic trenches using a standard optical lithography system [109, 112] . The main advantage of such free geometry is the possibility to compare on the same nanowire the time-resolved acoustic signatures measured on a supported area and its freestanding counterpart. Figure 21 presents this comparison in Au40% -Ag60% alloy nanowires showing different frequency signatures. Recently, experiments performed in reflectivity geometry have demonstrated that the low frequency component, around 1.7 GHz, could be treated with the Hertz contact theory [104] , the high frequency component being related to the breathing resonance, at 13.4 GHz in the present case. Obviously, the low frequency features disappeared in the freestanding response, but an additional peak appears at a higher frequency value of 32.2 GHz. This extra peak is associated with the first breathing harmonic mode. Concomitantly, the quality factor of the fundamental mode increased which demonstrates a better elastic confinement into the nanowire. Indeed, in a supported nanowire, a quality factor of the fundamental breathing mode around 17 may be deduced in comparison with 34 for their freestanding counterpart. The quality factor of the first harmonic mode is similar. In such conditions, the silicon substrate has an equivalent contribution to the apparent nanowire damping than the nanowire itself. Such low quality factor even in a suspended zone is a clear indication that the intrinsic attenuation in such granular systems is much higher than in pure metal. In comparison, quality factors around 80 up to 130 in suspended pure copper nanowire have already been reported in similar experiments where first and second harmonics of the fundamental breathing mode were evidenced [30] .
On the other hand, recent measurements performed on glass substrate reported weak influence in the time resolved nanowire response [113] . In such investigations, the lifetimes of the breathing modes have been measured in air and liquid surroundings to give access to high frequency viscoelastic effects.
From this multiple vibrational behaviors, one can expect to determine the three unknown nanowire properties (a, v l , v t ) by solving this nonlinear inverse problem. However, it does not matter how many breathing mode frequencies are experimentally determined because Eq. 2 is a homogeneous function of order zero; (λa, λv l , λv t ) or (a, v l , v t ) with λ ≠ 0, are possible solutions and there is no uniqueness.
Of course, if the radius a, can be determined using SEM or atomic force microscopy, the two first breathing modes frequencies are sufficient to completely determine the velocities, equal to v l = 3630 m. for longitudinal and transverse waves, respectively, for a = 98 nm Au40% -Ag60% alloy nanowire radius ( Figure 22) . These values are close to the Ag properties.
However, finding a single nano-object previously studied by PU under SEM is a very tedious and often unfruitful task. Consequently, a new method to characterize completely the material and geometrical properties of nanowires with picosecond acoustic measurement remain to be found.
Propagating modes
In a similar way to what has already been done in a bundle of 75 nm GaN nanowires [23] , we can consider not to be limited to the resonant modes (q = 0), but also to study guided acoustic modes along the nanowire axis. In parallel, guided acoustic phonons within nanowires are emerging as promising candidates for nanoacoustic wave generation with a nanoscale spot size, which could prove useful to design nanodevices for 3D noninvasive ultrasonic imaging with nanometer resolution [114] .
In order to address propagation features, a pump and probe experimental setup on a single nanowire with variable pump and probe separation was developed [30, 115] . The main idea is to follow the evolution of the acoustic signature according to the distance from the detection spot to the pump epicenter. The first results obtained are related to the propagation of the main acoustic signature, namely the breathing mode in copper nanowires. In solving the Pochhammer-Chree equation, the dispersion curve of the first breathing mode could be calculated. For wave vector smaller than 6 μm −1 , the dispersion curve of this mode could be approximated to a parabolic curve for 200 nm copper nanowire diameter. The quadratic coefficient, deduced experimentally, makes it possible to establish a new relation coupling the three unknown parameters of the problem [30] .
In addition, this new experimental geometry allowed us to detect an acoustic mode which could not be observed with the pump and probe superimposed. This additional guided mode is characterized by a longitudinal displacement and a small radial component for a high wave vector, which explains its absence on conventional measurements. The propagation velocity c 0 of this mode deduced from the experiments can be directly correlated to the Young's modulus, assuming the density is known, as c 0 = (E/ρ) 1/2 . This last information is crucial because it gives a unique opportunity to know the Young's modulus without having to know the diameter of the wire. We obtain here an equation, which directly links the two sound velocities without needing additional dimensional information. Figure 23 shows the different sound velocities able to reproduce the frequency position of the different vibration modes as well as the value of the Young's modulus in a copper nanowire [30] . We can notice that a common waypoint is only feasible for a precise and unique value of the nanowire radius. Finally, measuring c 0 = 3600 m.s In summary, by considerably reducing the relaxation channel toward the substrate, the suspended nanowires provide a unique tool to observe the propagation of gigahertz guided acoustic waves. Therefore, this relaxation mechanism must be taken into account in the energy balance, which is rarely done. Taking advantage of the expression given in Ref. [29] , the upper limit of the quality factor in suspended 200-nm copper single nanowire associated with these guided coherent phonons may be estimated to around 200. At the same time, different harmonic modes could be observed. Coupling all this information, a complete elastic and shape characterization may be achieved in a single nanowire.
Beyond this new way to achieve material and geometrical characterization through picosecond acoustic experiment, this study paves the way to use nanowires as acoustic transducers with nanoscale lateral size. Indeed, we just described, with the propagation of guided modes, a process of acoustic energy relaxation into a nanowire. Nevertheless, the relaxation through the contact between a nano-object and the substrate is another possible phenomenon which was very quickly evoked leading to the observation of low quality factor resonances [76] . Such coupling between a silicon substrate and a gold nanostructure obtained by lithography has been recently tuned in order to create an efficient bulk transverse wave emitter with tunable frequency [115] . Although this assumption was mentioned very early it was necessary to wait for recent work [116] , for a direct demonstration of acoustic wave emission assisted by an individual nanowire.
Monochromatic and geometrically anisotropic acoustic fields generated by 400 and 120 nm diameter copper nanowires simply dropped on a 10-μm silicon membrane have been investigated in transmission using 3D timeresolved femtosecond pump-probe experiments. Two pump-probe time-resolved experiments are carried out at the same time on both sides of the silicon substrate. In Figure 24A , standard experiments allowed to confirm the The black and red curves give the sound velocity compatible with the resonance frequencies of first (15.6 GHz) and second (39.6 GHz) breathing modes respectively, and the green curve is deduced from the Young's modulus equal to 116 GPa [30] . These measurements have been performed in polycrystalline copper nanowire. Only the set of curve computed with a = 91 nm are able to reproduce simultaneously all the experimental results.
breathing mode excitation exhibiting low quality factor while it can be seen on Figure 24B that a transmission experiment could detect the acoustic field emitted by the nanowire. After a delay of around 1.2 ns corresponding to the travel time of a longitudinal wave in the silicon membrane, we observed an oscillating signature at a frequency equal to the nanowire's eigenmode. These results unequivocally prove that a nanowire could be assimilated to a nanometric acoustic source of longitudinal acoustic bursts with a tunable frequency in the tens of GHz range. Additional surface displacement mapping of the acoustic field produced by a single nanowire has revealed anisotropic emission due to the elongated acoustic source. Using a specific optical geometry, a net anisotropy of the acoustic field has been evidenced and correlated to the source orientation [116] . Other investigations could also involve such a nanoscale transducer to pave the way to acoustic microscopy with nanoscale lateral resolution if they could be implemented in a scanning device.
Conclusions and perspectives
The study of the phononic properties of nanowires is still a burgeoning field that requires technical developments to be fully understood. However, in the span of a few years, great progress has been made that now provides a clearer picture of phonons behavior in these structures. First, we have seen that the study of resonant modes of nanowires can be performed. In particular, we showed that by tuning the experimental conditions, various modes are accessible. Propagating modes were also successfully observed in both standing nanowires or lying on a substrate. Further analysis and characterization have been enabled thanks to these observations. For instance, the detection of multiple phonon frequencies allowed to determine the elastic properties of the constituting material, but also find the dimensions of the nanowire.
We also had a glimpse of the future of research on phonons in nanowires. For instance, motivated by the need for efficient thermoelectric materials, further reduction of the thermal conductivity in nanowires is needed. Thanks to the opportunity given by the presented experimental methods to observe the wave nature of phonons, coherent approaches to reduce thermal conductivity, based on phonon interferences and the opening of phononic bandgaps, can be developed and characterized. The possibility to use nanowires as tunable sources of acoustic phonons is also the first step towards high resolution three-dimensional acoustic imaging. Such techniques would then allow the non-destructive investigation of nanoscale embedded structures. Finally, the interaction of photons and phonons in nanowires is strongly modified compared to bulk materials. The central role that phonons play in defining material properties could be used to develop nanowire-based materials with novel electronic and photonic properties by tailoring their interactions with phonons. The red curve presents the vibrational response emitted by the nanowire emerging after t l1 = 1.2 ns at the second free surface [116] . Reproduced with permission [116] . Copyright (2016) American Chemical Society.
